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Abstract  
Increased demand of advanced material like B4C  DRMM Al composite due to its excellent mechanical, thermal properties puts 
the pressure on manufacturing sector because of its machining complication. In this research study, the B4C reinforced Al 
composite with 15% volume fraction has been developed with stir casting route. Micro holes ranging from diameter 0.38mm 
have been made over the composite specimen of thickness 0.4 & 0.5mm for which Micro Electro chemical Machine was 
employed. Totally nine experiments were conducted based on L9 orthogonal array emphasized by Taguchi’s technique and the 
optimum levels were predicted based on the average S/N graph method.  During the experiments frequency, voltage, current and 
electrolytic concentration were considered as the process variables, thereby considering the machining time as the response 
variable. Additionally, the analysis of variance (ANOVA) has been applied to determine the most significant factor to influence 
the response. In order to enhance the degree of validation, unconventional optimization tool of fuzzy logic was also employed to 
compare the results of the optimized model. Results of  fuzzy logic and Taguchi’s method were deviate in zero tolerance.  
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1. Introduction 
         Particulate reinforced advanced composites emerged as inevitable materials in manufacturing sector due to 
its excellent properties. Particularly boron carbide discontinuous reinforced metal matrix composites find wider 
application in aerospace and automobile engineering. Al- B4C DRMM composite has a high modulus of elasticity, 
yield strength, thermal stability and electrical properties. Machining of these advanced composite have posted a very 
big challenge due to its hardness and various other properties. 
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In this paper we have attempted to machine specially made composite material boron carbide combined with Al-
6063.Machining of these type of high grade composite with accuracy becomes a constraint. The research is carried 
out to determine the optimized machining parameters and to set these parameters as benchmark machining condition 





          CF             correction factor 
          T              grand total of responses 
          N              total no of observations 
         Y               Over all mean response 
         SST             sum of squared deviations 
         SSe                  error sum of squared deviations 
 
         More number of research works has been carried out regarding the optimization of process parameters of 
various processing technique by design of experiment method. Cunsheng Zhang et al. [1] have investigated to 
achieve the optimum extrusion process parameters of aluminium profile extrusion for which they considered ram 
speed, die temperature, billet temperature, container temperature and billet diameters are the process parameters. 
They have carried out number of numerical simulation experiments as per Taguch’s method and concluded that the 
ram speed was chief significant process parameters. Ilhan Asilturk, Harun Akkus [2] presented the optimized model 
to determine the effect of cutting parameters on surface roughness under Taguchi’s method. Yan-Cherng Lin et al. 
[3] have investigated the effect of magnetic force on EDM machining characteristics with L18 orthogonal arrays and 
concluded that the magnetic assisted EDM has the higher metal removing rate and lower electrode wear.  
Muthukrishnan.N, Paulo Davim.J., [4] have conducted the research study to achieve the optimised turning condition 
for the Al-SiC composite using the polycrystalline diamond inserts. They have tested the results obtained from 
series of experimental data with ANOVA and ANN techniques to conclude the best turning condition for the 
specific surface finish.  Ramakrishnan,R, Karunamoorthy.L, [5]  have developed the artificial neural network and 
multi response optimization technique to predict the best machining parameters of wire cut EDM for machining 
inconel 718 but they conducted series of experiment based on Taguch’s L9 orthogonal array. Julie Z.Zhang,et.al [6] 
conducted the experiment to determine the optimal surface finish in a CNC drilling operation by considering spindle 
speed, tool type, peck rate and feed rate  as the control factors wherein vibration, magnetism in the workpiece as the 
noise factors. They concluded that the peck rate, spindle speed and tool type were the significant parameter for the 
optimal roughness. Yuli sun,et.al [7] have investigated optimal process parameter for polishing single crystal silicon 
wafer in Ice Fixed abrasive polishing using the Taguchi method to achieve the maximum MRR and surface finish. 
A.S. Kuar, et.al [8] have implemented the Taguchi method coupled with grey relational analysis as a  design of 
experiment technique to optimize the laser micro drilling process by assuming pulse frequency, pulse width, air 
pressure and lamp current as input parameter while the hole taper and heat affected zone width as output parameter. 
Tarun Goyal,et.al [9] have developed design of experiment with L18 orthogonal array for electro conductive coating 
process. They revealed that the substrate material, stagnation pressure, stagnation gas temperature, standoff distance 
and feed arrangement of the powder particle were the parameter ranking from higher to lower based on the degree of 
significance from ANOVA table. Sundaravel Vijayan,et.al [10] have conducted the experiment on Friction Stir 
Welding to determine the optimized level of process parameter like rotational speed of the tool, feed rate and the 
axial force to yield the higher strengthen joint with minimal power consumption for which they utilised L9 
orthogonal array of Taguchi’s design of experiment with grey relational analysis.        
 
            Most of the previous research work focused on developing the optimized model for various machining 
process for various materials under various optimization techniques, but very few attempts have been made towards 
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the optimization of micro electro chemical machining parameters for B4C / Al composite. In this study boron 
carbide particles with 15% volume fraction reinforced with Al 6063 was developed exclusively through stir casting 
technique. Frequency, voltage, current and electrolytic concentration were considered as process parameters which 
influenced the time taken to drill the hole.  Distinguishly, to register a higher degree of validation, fuzzy logic 
method of unconventional optimization technique was also executed as additional validation. 
 
2. Material and Process 
 
 2.1 Development of the composite billet 
 
                      The Al-B4C DRMM composite was manufactured through stir casting route. AA 6063 aluminium 
alloy whose properties has been tabulated in Table.1 was used as a matrix material and B4C granules with particle 
size of  85μm with volume fraction 15%  used as a reinforced material. The properties of B4C particles have also 
been presented in Table.2.      
                                         
TABLE 1: Properties of Aluminium 6063 







0 C 69.5 Gpa 200 Vickers 200 W/Mk 
Table 2 Properties of Boron carbide 





2.51 g/cm3 24500 C 450 GPa 3000 Vickers 2800 MPa 
 
         At first 200gms of boron carbide were preheated to 500 C for about 1 hour. The Al 6063 was melted in a 
ceramic crucible coated with wolfra coat for nearly 850 C. The preheated Boron Carbide were added to a molten 
bath to making a mix with molten Al-6063. Degassing tablets and magnesium covered with Al foil were added one 
by one to increase the wettability nature between Al & B4C and also to reduce the blow holes inside it. Wolfra 
coated stirrer was made to stir inside the molten bath for about 30 min at 300 rpm to ensure the homogeneous 
mixture. After correct mixing of all compounds, the entire mixture bath was poured into our desired die of 25mm in 
diameter and 250mm in length. The die was allowed to cool for the solidification of the materials inside the die.  
 
3. Design of Experiment 
 
3.1 Selection of process variable and their levels 
 
           The micro electro chemical machining process variables which affects the machining time are frequency, 
voltage, current and elctrolytic concentration. Three levels of these variables were considered to represent low, 
medium and high as level 1, level 2, and level 3 respectively as shown in Table 3. 
 
                Table 3 Levels of process parameters 
Symbol Process parameters unit Level 1 Level 2 level 3 
A Frequency Hz 25 50 75 
B Voltage V 7 8.5 10 
C Current A 0.7 1.1 1.4 
D Electrolytic concentration mols 0.25 0.35 0.45 
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    The experimental set up utilised for this study, micro electrochemical machining set up and the thin disc drilled 
with micro holes are as shown in Fig.1 and the details of the experimental conditions with which the various 








Fig.1 (a) Micro electrochemical machine set up (b) Composite disc with drilled hole  
 (c) Microscopic view of hole drilled 
 
Table 4 Experimental conditions 
Tool  Copper, Brass or Steel 
Power supply Constant Voltage of 5-20 DC Volt 
Current 50-20,000 Amp 
Material removal rate  1200 mm3/min 
Specific power consumption 7 W/mm3/min 
Electrolytic solution  NaCl, NaNO3 
Accuracy and surface finish  0.02mm 0.4 m 
 
               
The micro Electro Chemical Machining set up as shown in Fig.1 was employed to drill the micro holes on Al-B4C 
composite. Already prepared thin disc of composite was fixed with nylon work holding device and was immersed in 
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sodium nitrate as an electrolyte. The μECM apparatus was equipped with pulse rectifier as shown in Fig.1 (a) to 
control the various machining parameters such as electrolytic concentration, frequency, voltage and current. The 
drilling tool made up of brass was kept as cathode where the workpiece as anode. The drilling had been started by 
pumping the electrolyte with velocity of 35 m/sec. The movement of the tool has been controlled by a stepper 
motor. Totally nine holes have been drilled with varying machining condition and the machining time to drill each 
and every hole has also been recorded and treated as response. The duty cycle has been kept constant throughout the 
entire experiment.  The various readings of machining parameters have been observed and tabulated as shown in 
Table 5.  
 
3.2 Orthogonal arrays 
           Taguchi’s method of experiment design based on orthogonal arrays (OA) found to be more useful to solve the 
engineering problems. While designing the experiments, number of trials could be drastically reduced by the 
introduction of orthogonal arrays. In orthogonal arrays each column represents the main factors which attribute the 
response. The number of factors and its number of variation in their level would decide the degrees of freedom. For 
the present study, three main factors with three levels were considered thereby implementing L9 orthogonal arrays. 
The degrees of freedom defined as the number of comparisons made between the design parameter at different level 
so as to determine betterment of levels. 
         Usual procedure to arrive the degrees of freedom is that it should be greater than the number of design 
parameters. But normally it is less than number of rows in orthogonal array by one in count. For the present study 
eight degrees of freedom were considered. Only the main factors of interest, its interaction factors were ruled out. 
There were nine number of experiment trials were performed, for each and every trial, the extrusion load applied 
was observed and recorded as response value in L9 orthogonal array as shown in Table 5. 
Table 5 L9 orthogonal array 
Experime
nt No. 





















(min) Time V 
1 1 25 1 7 1 0.7 1 0.25 41 -27.48 
2 1 25 2 8.5 2 1.1 2 0.35 38 -26.82 
3 1 25 3 10 3 1.4 3 0.45 25 23.29 
4 2 50 1 7 2 1.1 3 0.45 53 -29.71 
5 2 50 2 8.5 3 1.4 1 0.25 40 -27.26 
6 2 50 3 10 1 0.7 2 0.35 61 -30.99 
7 3 75 1 7 3 1.4 2 0.35 56 -30.19 
8 3 75 2 8.5 1 0.7 3 0.45 59 -30.64 
9 3 75 3 10 2 1.1 1 0.25 46 -28.48 
The following Table 6 was developed by adding the response values corresponding to each level (Level 1, Level 2 
and Level 3) 
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Table 6.  S/N ratio totals for each factor and level 
Factors A B C D 
Level 1 -77.59 -87.38 -89.11 -83.22 
Level 2 -87.96 -84.72 -85.01 -88 
Level 3 -89.31 -82.76 -80.74 -83.64 
         
     Average S/N ratio table was constructed to assess the ranking between the factors. The S/N ratio totals given in 
the Table 5 were converted into average response by dividing the number of observations made. The absolute 
difference in the average S/N ratio of maximum and minimum of each factor was also recorded. This difference 
purely represents the effect of the factor. These differences were ranked starting with the highest difference as rank 
1, the next highest difference as rank 2 and so on. The average S/N ratio table with ranking of factors effect is as 
shown in Table 7. 
Table 7. Average response and ranking of factors effect 
Factors A B C D 
Level 1 -25.86 -29.13 -29.7 -27.74 
Level 2 -29.32 -28.24 -28.33 -29.33 
Level 3 -29.77 -27.58 -26.91 -27.88 
Max-Min 3.91 1.55 2.79 1.59 
Rank 1 4 2 3 
 
                      
                                                            Fig.2 Average response graph 
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 From Table 7, it was observed that factor A has the largest effect emerging as rank 1 and the grand overall mean is 
given by                                
                                                                             
TY
N
                                         (1) 
Based on the objective of the experiment, the optimum condition was selected. It is well known fact that the 
minimization of machining time is the dominant objective, therefore in order to minimization of response optimum 
condition was selected based on lower mean value of each factor. Accordingly from Fig. 3 the optimum condition 
was given by 
                                                                       A1  B3 C3 D3 
 
The predicted optimum response is given by 
                                                                               33Pr 1 3ed Y A Y B Y C Y D YP                       (2)                     
Where Y   the overall mean response,  
2 3 1, ,A B C  are the average response at level 2, level 3 and level 1 respectively for the corresponding factors. 
3.3 Analysis of variance 
             The ultimate objective of the analysis of variance is to investigate the degree of significance over the total 
effect of response. This was achieved by separating the total mean from the sum of the squared deviations 
contributed by each process parameter. The total sum of squared deviations (SST) is given by   







 ¦¦                                            (3) 









 ¦                                                         (4) 
                                                     e Total TSS SS SS                                                        (5) 
        The total sum of the squared deviations was decomposed into two sources as sum of the squared deviations due 
to each process parameters like SSA, SSB and SSC. The percentage of contribution of each process parameter in the 
total sum of the squared deviations can be used to evaluate the importance of each process parameters over the 
performance characteristic. The Fischer’s test was also used to investigate the degree of significance of each process 
parameter over the performance. Usually, the largest value of F recorded the most significant process parameter. 
The rank of significance was assigned based on the F value, larger the value higher the rank. Table 8 shows the 
results of ANOVA. 
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Table 8. ANOVA table. 
Source of variation DF Sum of squares 
Mean 




Frequency 2 27.41 13.71 5.48 57.93 1 
Voltage 2 3.58 1.79 0.71 7.56 4 
Current 2 11.67 5.83 2.33 24.66 3 
Electrolytic 
concentration 2 4.66 2.33 0.93 9.85 2 
Error 8 19.99 2.49 9.47 
Total 16       100   
 
 
From the average S/N ratio table 7 and ANOVA table 8, it is well comprehended that the frequency and current 
plays a major influencing role in the machining time by taking first and second rank respectively. But the impact of 
voltage and electrolytic concentration shows poorer influential role than the former two parameters. 
 
4. Fuzzy logic 
 
        There is more number of optimization tools available in conventional mode but few unconventional mode of 
optimization tool such as genetic algorithm, fuzzy logic, ant’s colony and etc. The benefit of an unconventional 
optimization tool is that it would yield the accurate results though the experimental datas are very lesser. Fuzzy logic 
is the logic underlying approximate, rather than the exact modes of reasoning. It is based on intuition and judgment 
and it does not need a mathematical model to construct. Fuzzy logic in Matlab can be dealt very easily due to the 
existing new Fuzzy Logic Toolbox. This provides a complete set of functions to design an implement various fuzzy 
logic processes. The major fuzzy logic operation includes in flow chart as shown in Fig.8 
                                                                                  
                                                                        Fig.3. Steps in fuzzy implementation. 
 
The key machining parameters to drill the micro holes, frequency, voltage, electrolytic concentration and current are 
kept as linguistic variable and machining time is kept as objective function. In fuzzy logic data base the mamdhani 
method of execution in MATLAB tool box has been selected to execute the optimization. Each and every linguistic 
variable have been assigned with three level of membership function like low, medium and high is as shown in Fig.4 
by observing the experiments reading . Various fuzzy rules are framed as follows to execute the optimization based 
on various levels of membership functions.  
 
After defuzzification of all the data with respect to the fuzzy rules dictated and entered in the data base, 
unconventional tool of optimization revealed the results as shown in Fig.5 are low level of frequency, 
higher level of voltage, current and electrolytic concentration which is very similar to that of the results 
earned from the Taguchi’s design of experiment method. 
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The interaction of the most significant parameters like frequency and current with the response machining 
time is shown in Fig.4 Similar interaction between the least significant parameters is shown in Fig.5 
 
Fig.4 Most significance parameter and response relational graph   
 
Fig.5 Least significance parameter and response relational graph   
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 4. Results and discussion 
 
 Nine experiments were conducted based on Taguchi’s design of experiment instead of full factorial design. 
Response value for each and every trial with specific combinations of levels of the process parameters was 
observed and recorded and is shown in Table 5. Based on average response S/N ratio graph method and their 
rankings of factors effect, it has been concluded that the optimum level of the process parameters for present 
study are A1   B3 C3 D3. From the Table 7, it is well comprehended that the effect of frequency plays a major role 
in machining time process by achieving rank 1 followed by current which influenced the response in 
considerable amount with rank 2. The same hypothesis was reinstated through analysis of variance (ANOVA) 
which utilized the sum of squared deviation, mean square, error sum of squared deviations and correction factors 
to plot the results.  ANOVA table shows the effect factor in the percentage of contribution as a measure of 
degree of significance. Both average S/N ratio and ANOVA results emphasizes the impact of other two 
parameters voltage and electrolytic concentration is poorer than the former two parameters. Aforementioned 
concept has been validated with the results of fuzzy logic. 
Theoretically, the metal removal rate in electrochemical machining is directionally proportional to the 
current density and inversely proportional to the frequency by the relation  
                                                                                  M = I t (N/n) 
The same analytical hypothesis has been realized with results from both Taguchi’s method and fuzzy logic that 
the current and frequency are the most significant parameters. Higher time with which current flows and higher 
magnitude of the current ensures the higher machining time. This phenomenon has clearly coincided with the 
results of both the method. Low level of frequency admits the higher time of current flowing which minimize the 
machining time. High value of current reduces the time taken to material removal to a minimum extent. Higher 
concentration of electrolyte and voltage also minimize the machining time but their impact is very much poorer 
than frequency and current. This phenomenon clearly indicated in ANOVA table which shows the percentage of 
contribution of billet temperature in total process to the next significant level. Predicted response value from the 
recommended optimum process levels has been compared with the optimum response yielded from the fuzzy 




       The present study deals with the objective of finding the optimised process parameters to yield the optimised 
machining time during micro drilling of B4C/Al composite with help of micro electrochemical machine. Frequency, 
voltage, current and electrolytic concentration were considered as the key process parameters under the three levels 
of low, medium and high. The Taguchi method of experimental design was used to obtain the optimum process 
parameters. Additionally, the experimental data were optimized through unconventional optimization tool of fuzzy 
logic. The various conclusion earned from this study are listed below 
 
1. L9 orthogonal array was selected using Taguchi method of experimental design for four process 
parameters like frequency, voltage, current and electrolytic concentration with three levels as low, medium 
and high. 
2. Experimental response values were analyzed with average S/N ratio method. Average S/N ratio graph 
revealed that the optimum level of extrusion process parameters were frequency of 25, voltage of 10 V, 
current of 1.4 A, electrolytic concentration of 0.45. 
3. Predicted average response value for the recommended optimum level of process parameters was 43 min. 
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4. Analysis of variance (ANOVA) was also carried out to determine the degree of significance of each 
parameter. ANOVA table revealed that the frequency has the highest significance followed by the current 
which has got second significance ranking. The effect of third and fourth parameter voltage and 
electrolytic concentration was felt as least significance. 
5. Additionally unconventional optimization technique of fuzzy logic was also performed for the same set of 
parameters with the same levels. Results of optimized response value and optimized level of parameters 
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